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We found a new flavivirus that is widespread in Culex pipiens and other Culex mosquitoes in Japan. The virus isolate, named Culex flavivirus
(CxFV), multiplied only in mosquito cell lines producing a moderate cytopathic effect, but did not grow in mammalian cells. The CxFV genome is
single-stranded RNA, 10,834 nt in length and containing a single open reading frame encoding a polyprotein of 3362 aa with 5′ and 3′
untranslated regions (UTRs) of 91 and 657 nt, respectively. Phylogenetic analyses revealed that CxFV is closely related to the insect flaviviruses
associated with Aedes mosquitoes, Cell fusing agent (CFA) and Kamiti River virus (KRV). The 3′ UTR of CxFV contains four tandem repeats,
which have sequence similarities to the two direct repeats in the CFA and KRV 3′ UTRs. These results suggest that CxFV may be a new group of
insect flaviviruses.
© 2006 Elsevier Inc. All rights reserved.Keywords: Insect flavivirus; Flavivirus; Complete nucleotide sequence; Culex pipiens; Phylogenetic analysisIntroduction
Viruses in the genus Flavivirus, family Flaviviridae are
small, enveloped viruses with an icosahedral nucleocapsid
containing a 10- to 11-kb single-stranded, positive-sense RNA
genome that encodes the viral proteins in a single open reading
frame (ORF). The polyprotein encoded by the ORF is processed
co- and post-translationally to produce three structural proteins,
the capsid (C) protein, the membrane (M) protein which is
cleaved from a precursor (prM) and the envelope (E) protein, as
well as seven nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5) that play important roles in replication,
proteolysis and maturation (Lindenbach and Rice, 2003;
Mukhopadhyay et al., 2005). The 5′ and 3′ untranslated regions
(UTRs) of flaviviral RNA have conserved nucleotide sequence
elements and secondary structures closely related to RNA⁎ Corresponding author. Fax: +81 3 5285 1147.
E-mail address: sawabe@nih.go.jp (K. Sawabe).
1 These authors contributed equally to this work.
0042-6822/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2006.09.039replication and translation (Charlier et al., 2002; Markoff,
2003).
The majority of flaviviruses reported to date are known as
disease agents causing encephalitis or hemorrhagic fever in
vertebrates and are transmitted by blood-sucking arthropods,
such as mosquitoes and ticks. Therefore, arthropod-borne
flaviviruses are frequently classified into mosquito-borne and
tick-borne groups. The other flaviviruses are categorized as “no-
known vector (NKV)” group, currently with isolates only from
vertebrate hosts. These three groups are distributed in many
areas of the world, although the distribution of each flavivirus is
geographically localized (Burke andMonath, 2001; Gould et al.,
2003). The current status of these groups may be explained by
divergent evolution involving adaptation to the host, the vector,
and the associated ecology.
Among flaviviruses, the mosquito-borne flaviviruses com-
prise the largest group and are divided into Aedes- and Culex-
borne clades based on differences in the main vector genus
(Gaunt et al., 2001; Gould, 2002). These two mosquito-borne
clades cause different clinical symptoms; e.g., hemorrhagic
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viruses. Encephalitis is also caused by tick-borne flaviviruses
(Gould et al., 2004) and a Culex-borne flavivirus, West Nile
virus (WNV), that can propagate in ticks (Lawrie et al., 2004).
These findings may reflect an evolutionary relationship between
the mosquito-borne and tick-borne groups. However, it is not
clear which group (mosquito-borne, the tick-borne or NKV) is
the most phylogenetically divergent (Billoir et al., 2000; Cook
and Holmes, 2006).
Cell fusing agent (CFA) is a flavivirus originally isolated
from a cell line established from the mosquito Aedes aegypti
(Stollar and Thomas, 1975). CFA is classified as an “insect
flavivirus” that propagates only in mosquito cells but not in
mammalian cells (Cammisa-Parks et al., 1992). Kamiti River
virus (KRV) is a CFA-related flavivirus isolated from field-
collected Aedes macintoshi in Africa (Sang et al., 2003;
Crabtree et al., 2003). These two insect flaviviruses were
phylogenetically classified into the most outgroup lineage
among the flaviviruses and considered as primordial forms of
flaviviruses (Cook and Holmes, 2006). Another CFA-related
DNA sequence is known as cell silent agent (CSA): this
sequence is integrated into the genomes of Aedes spp.
mosquitoes (Crochu et al., 2004). These findings suggest that
insect flaviviruses have been closely related to mosquitoes, and
that other insect flaviviruses associated with mosquitoes might
exist in natural environments.
In the Far East area, mosquito-borne (Japanese encephalitis
virus: JEV), tick-borne (tick-borne encephalitis virus: TBEV
and Negishi virus), and NKV (Apoi virus: APOIV) flaviviruses
have been isolated (Kuno et al., 1998; Cook and Holmes, 2006).
In particular in Japan, mosquitoes in the genus Culex include
important vectors of JEVand could be potential vectors of other
flaviviruses, such as WNV which has emerged recently in North
America (Mackenzie et al., 2004). At present in Japan, although
Aedes albopictus and some other Aedes species are widely
distributed, no Aedes-borne flavivirus has been identified.
Yokose virus (YOKV), isolated from a bat in Japan, was
phylogenetically classified in the Aedes-borne group, but its
potential vector is not known (Tajima et al., 2005). In addition,
the distribution of insect flaviviruses has not been reported in
Japan.Fig. 1. Phase contrast micrographs of control C6/36 cells (left) and CxFV-infected ce
inoculum. Scale bar, 50 μm.A 2003 survey, involving collection of mosquitoes and
detection of viruses, studied the distribution of mosquito-borne
viruses in Japan. During the course of this nationwide survey, a
new insect flavivirus was isolated from Culex pipiens and other
Culexmosquitoes and designated “Culex flavivirus (CxFV).” In
the present study, we investigated the morphology and
structural proteins of CxFV and determined the complete
nucleotide sequence of the genomic RNA of a CxFV isolate.
Furthermore, to investigate the phylogenetic relationships
among insect flaviviruses, the nucleotide sequences of the E
genes of nine CxFV strains from Culex mosquitoes collected at
different sites were compared with those of two already known
insect flaviviruses CFA and KRV.
Results
Virus isolation and characterization
Homogenates of Culex and Aedes mosquitoes collected in
Japan and Indonesia were used as the initial samples for virus
isolation. The morphology of cells inoculated with cell culture
supernatants after two or more serial passages was observed by
phase contrast microscopy. In a number of infected cultures,
moderate cytopathic effects (CPE) on C6/36 cells were
observed from 4 days post-inoculation, although CPE was
undetected in almost all cases of cells infected using the original
inoculum or an inoculum after the first passage. No CPE was
observed in Vero and BHK-21 cells in any of the samples. The
C6/36 cells inoculated with a viral stock (passaged four times)
showed only weak growth inhibition and cell aggregation in
comparison with control cells (Fig. 1). Consequently, purifica-
tion and titration of the causative agent by plaque formation
assays were unsuccessful on C6/36 cells.
Flavivirus-like particles were seen by transmission electron
microscopy of infected cells (Fig. 2). The enveloped virions
were approximately 50 nm in diameter and seen in the lumen of
endoplasmic reticulum. No such particles were observed in
mock-inoculated controls. RT-PCRs with the flavivirus-specific
primer sets (Table 1, described below) were performed on
RNAs extracted from the culture supernatants of the inoculated
cells. The PCR-amplified products were obtained only whenlls (right) 84 h post-infection. The viral stock after four passages was used as the
Fig. 2. Transmission electron micrograph of a thin section of C6/36 cells
infected with CxFV. An arrow head indicate CxFV particle in the lumen of the
endoplasmic reticulum. Scale bar, 100 nm.
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when inoculated onto vertebrate cells (Vero and BHK-21),
suggesting that the causative agent could be a member of the
insect flaviviruses.
Determination of the complete viral genome sequence
A virus isolate (NIID-21) from C. pipiens mosquitoes
collected at Shinjuku, Tokyo, Japan, was used to determine
the complete viral genome sequence. The RT-PCR products
were initially obtained by using flaviviral universal primers for
part of the flavivirus NS3 gene and two parts of the NS5 gene
(Fig. 3). Direct sequencing and BLAST analysis revealed that
the amplified fragments had significant homology to flavi-
viruses genes, especially to those of insect flaviviruses CFA and
KRV. We named this virus “Culex flavivirus (CxFV)” after its
original host mosquito, C. pipiens. Partial sequences of the
CxFV genome were used to design one forward primer (NS3-2)Table 1
Primers used for synthesis and amplification of cDNA from CxFV genome
Primer name Position a Po
Fla-U5004 b NS3 (4858) Fo
Fla-L5457 b NS3 (5310) Re
FU1 c NS5 (8834) Fo
cFD2 c NS5 (9096) Re
FU2 c NS5 (9071) Fo
cFD3 c NS5 (9963) Re
E-1 E (1219) Fo
NS3-1 NS3 (4924) Re
NS3-2 NS3 (5245) Fo
NS5-1 NS5 (8905) Re
NS5-2 NS5 (9016) Fo
NS5-3 NS5 (9323) Re
E-GSP-1 E (1428) Re
NS5-GSP-1 NS5 (9729) Fo
CXFV-E-1 prM (850) Fo
CXFV-E-2 NS1 (2350) Re
a Region in which the primer was designed and a number of the first nucleotide p
b Source, Briese et al. (1999)
c Source, Kuno et al. (1998).and two reverse primers (NS3-1 and NS5-1). The details of all
primers used in this study were described in Table 1. Together
with another forward primer in the E gene (E-1), long RT-PCR
was performed to amplify the regions between E and NS3 and
between NS3 and NS5. The sequences for the regions
containing the 5′- and 3′-termini were obtained by the rapid
amplification of cDNA ends (RACE) protocol using gene-
specific primers (E-GSP1 and NS5-GSP1). The complete
sequence of the CxFV genome was 10,834 nt in length
(Genbank accession no. AB262759), and contained a single
10,086 nt (3362 codons) ORF flanked by a 91-nt 5′ UTR and a
657-nt 3′ UTR.
Analysis of viral structural proteins
To identify the CxFV structural proteins, Western blot
analysis was performed using antibodies raised against the
purified virus. The antibodies reacted with four proteins with
apparent molecular masses about 7, 15, 20 and 60 kDa (Fig. 4).
These four proteins appear to correspond to flavivirus M, C,
PrM and E proteins, respectively (described in Discussion).
Analysis of encoded viral proteins
The CxFV ORF sequence encoded a 3364-aa polyprotein.
The cleavage sites for processing of the CxFV polyprotein were
deduced from the features of the amino acid sequence and the
hydropathy plot. The putative cleavage sites of the CxFV
polyprotein and the cleavage sites of representative flaviviruses
are shown in Table 2. CxFV polyprotein signal-like cleavage
sites (anchored C-prM, prM-E, E-NS1 and NS4A-NS4B)
roughly conformed to the rules for cleavage sites in other
flaviviruses and were homologous to CFA and KRV for prM-E
and E-NS1. Cleavage sites by serine protease NS3 (anchored C-
virion C, NS2A-NS2B, NS2B-NS3, NS3-NS4A and NS4B-
NS5) in CxFV polyprotein conformed to cleavage after thelarity Sequence (5′–3′)
rward GGAACDTCMGGHTCNCCHAT
verse GTGAARTGDGCYTCRTCCAT
rward TACAACATGATGGGAAAGAGAGAGAA
verse GTGTCCCAGCCGGCGGTGTCATCAGC
rward GCTGATGACACCGCCGGCTGGGACAC
verse AGCATGTCTTCCGTGGTCATCCA
rward GGATGGGGNACNGGNTGTTT
verse AAATCCATAACCGTACAGTCCAACGA
rward TCTGATGGAGAAAGGCATTGACAGCA
verse CCAGATAATCCTTGATCCTCGTGCCT
rward GAATTACTTTGGATACTATCTCCA
verse TGTTGAGAGCGTAGGTGGTCACTT
verse GCGGCATTGCCCAGCTTTGCAAAT
rward GCTTAGCAAAGGCACATGCCCAAAT
rward CGTCTTGTTGTGCGTGGCTAT
verse CAAGCTCATTAGAAGCTCAAG
osition in CxFV genome.
Fig. 3. Schematic representation of the CxFV genome and strategy for determination of the viral RNA nucleotide sequence. The genome organization of CxFVand its
approximate length are illustrated in the upper part. The lower four diagrams show the primers used for first RT-PCR, long RT-PCR, RACE-PCR and RT-PCR for the
entire E region.
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site. As for the other cleavage sites, the furin cleavage site (pr-
M) was similar to those of other flaviviruses, including CFA and
KRV, and another cleavage site (NS1-NS2A) was different from
the Val-X-Ala (X=Ser, Thr, Gln, Asn or Asp) sequences of
most flaviviruses and Ala-X-Ala (X=Asn, His or Asp) of CFA,
KRVand CSA. The cleavage sites between NS4B and NS5 and
between NS1 and NS2Awere not in agreement with the rule of
other flaviviruses (Chambers et al., 1990).
The CxFV polyprotein was divided into three structural
proteins (C, prM and E) and eight nonstructural proteins (NS1,
NS2A, NS2B, NS3, NS4A, 2K, NS4B and NS5), based on
similarities between the CxFV data and those for other
flaviviruses. Amino acid sequences of the CxFV proteins
were individually aligned with those of seven other flaviviruses
(CFA, KRV, JEV, Dengue virus: DENV, YOKV, TBEV and
APOIV) to calculate their percent identities (Table 3). The
sequence identities of structural proteins prM and E were
highest between CxFVand CFA (69.0% for prM and 69.5% for
E), high between CxFV and KRV (33.5% for prM and 41.1%
for E), and low between CxFVand the other flaviviruses (17.8–
25.0% identity), while the sequence identities of C proteins
were comparatively low between CxFV and the other
flaviviruses (21.5–37.1% identity). The percentage identitiesFig. 4. Western blot analysis of CxFV particles using antiserum raised against
purified virus. Lane 1: molecular weight markers (Mark12, Invitrogen Corp.).
Lane 2: CxFV. Lane 3: molecular weight markers (Prestained SDS-PAGE
Standards, Broad Range, Bio-Rad Laboratories Inc.).for the nonstructural proteins NS3 and NS5 were higher
between CxFV and both CFA and KRV (42.5% and 43.9% for
NS3, 46.7% and 40.4% for NS5) than between CxFVand other
flaviviruses. The percentage identities for other nonstructural
proteins (NS2A, NS4A and NS4B) were relatively low between
CxFV and other flaviviruses (17.4–40.2%). In particular, the
percentage identities of NS2B were lower between CxFV and
insect flaviviruses (CFA and KRV) than between CxFV and
other flaviviruses. The number of amino acids of each CxFV
nonstructural protein was in the range of those from insect
flaviviruses (CFA and KRV) and other flaviviruses, except that
CxFV NS4A is the largest flavivirus NS4A proteins. Overall,
CxFV proteins had structural features similar to those of CFA
and KRV, while much closer to CFA in terms of structural
proteins.
Phylogenetic analysis of CxFV
To study the phylogeny of the CxFV E protein, the amino
acid sequences of the E proteins of CxFVand other flaviviruses
were aligned by the ClustalW protocol (Higgins et al., 1994).
The alignment data were tested by the bootstrap method and a
neighbor-joining (N-J) tree was constructed (Fig. 5A). CxFV
fell into the most out-group lineage of the genus Flavivirus and
formed a cluster with the insect flaviviruses with CFA and KRV.
The aligned amino acid sequence data for the NS5 protein were
also analyzed as described above. In the NS5 tree (Fig. 5B),
CxFV formed a branch with the other flaviviruses, except for
TABV, while hepatitis C virus (HCV: genus Hepacivirus) was
distantly related to CxFV. In these trees, although CxFV is
closest to CFA and KRV, in the E protein tree CxFV forms a
sub-branch with CFA separate from KRV (Fig. 5A), but in the
NS5 tree CxFV is separate from the CFA-KRV sub-branch
(Fig. 5B). Inconsistent results were also obtained in the
phylogenetic trees based on the nucleotide sequences for both
E and NS5 (data not shown).
For further analysis of insect flaviviruses, E gene nucleotide
sequence data for CxFV isolates from C. pipiens in other
collection sites and from different Culex species were used to
construct an N-J dendrogram (Fig. 6). Flavivirus CFA and KRV
sequences were included in this analysis. All CxFV isolates
formed one robust clade and were clearly separate from CFA
and KRV.
Table 2
Predicted cleavage sites in the polyprotein of CxFV, CFA, KRV, and other flaviviruses
Cleavage CxFV CFAa KRV b Other flavivirusesc,d
AnchC/virionC ALEAKR ↓ SAKNA ALESRR ↓ TTGNP RLEKQR ↓ SGPNL After KR, RR, KK
C/prM MMVLGA ↓ VVIDM TVLCGC ↓ VVIDM LGLCYG ↓ EMLRY Signalase-like cleavage
pr/M KKRERR ↓ VASTN KKREKR ↓ SREPP QVRRRR ↓ APQPQ Golgi apparatus protease
prM/E RTTVKG ↓ EFVEP WTTVKG ↓ EFVEP WNVVKA ↓ SSIEP Signalase-like cleavage
E/NS1 FVYTKA ↓ DVGCG FYYVRA ↓ DLGCG VRSVSA ↓ DVGCG Signalase-like cleavage
NS1/NS2A EVTIDA ↓ DGEDM YGKANA ↓ QSDFR YGKAHA ↓ CSDFR Signalase-like cleavage
NS2A/NS2B LRASRR ↓ SLVAG WAAEKA ↓ HQPTV WAAERA ↓ QQPTI After KR, RR
NS2B/NS3 CWWNKR ↓ ARVAT LTASNR ↓ SDDLL LSEQNR ↓ SDDLL After KR, RR, QR
NS3/NS4A NELDKR ↓ SKIML EWETRK ↓ VSIDF EWDTRK ↓ LSIEF After KR, RR, RK
NS4A/NS4B VNGVVA ↓ WEMDL ICGVLA ↓ WEMRM VCGVLA ↓ WEMRL Signalase-like cleavage
NS4B/NS5 SRMALR ↓ SLVKT FNQFRA ↓ LEKST FNQFRA ↓ LEKST After KR, RR
a Source, Cammisa-Parks et al. (1992).
b Source, Crabtree et al. (2003).
c See Chambers et al. (1990).
d See Westaway and Blok (1997).
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The 3′UTR of both CFA and KRV contains a∼64 nt, highly
conserved, direct repeat motif (Crabtree et al., 2003). The CxFV
3′UTR contained four imperfect tandem repeats of 62–66 nt (nt
10599–10660, nt 10479–10539, nt 10366–10431, and nt
10247–10312). The placement of the repeat sequences in 3′
UTRs of CxFV, CFA, and KRV are shown schematically and
compared in Fig. 7A. Each repeat sequence of CxFV contained
a more conserved region of 25 nt, which had relatively low but
significant sequence similarities to those of CFA and KRV
(Fig. 7B).
The conserved pentanucleotide (CACAG for the 3′ UTRs of
almost all mosquito-borne flaviviruses except CACCG for the
3′ UTRs of CFA and KRV) is present as CACCG in the 3′ UTR
of CxFV. The secondary structures of the 5′ and 3′ UTRs of
CxFV were predicted using RNA Structure version 4.11
software (Mathews et al., 2004). The predicted secondary
structure of CxFV 5′ UTR formed typical structures consisting
of a stem with a top loop and a side loop similar to those ofTable 3
Comparison of the sequences of the viral proteins of CxFV with those of other flav
Protein CxFV CFA KRV JEV
aa b aa % c aa % aa %
C 139 136 37.1 143 28.6 127 25.5
prM 143 142 69.5 143 41.1 167 20.8
E 427 427 69.0 432 33.5 500 20.9
NS1 369 390 39.3 390 40.2 352 26.7
NS2A 230 232 22.7 232 22.1 227 21.0
NS2B 127 124 18.8 124 15.8 131 20.0
NS3 592 577 42.5 577 43.9 619 31.6
NS4A 166 135 21.9 145 25.0 126 18.7
2K 23 23 37.5 23 45.8 23 26.1
NS4B 257 258 21.6 261 25.0 255 18.8
NS5 889 887 58.1 887 57.6 905 43.5
polyprotein 3362 3331 46.7 3357 40.4 3432 29.1
a Information of other flaviviruses was described in Materials and methods.
b Amino acid sequence length of the viral proteins in each virus.
c Percent identity value calculated based on alignments using the GENETYX softmosquito-borne and insect flaviviruses (data not shown). The
pentanucleotide sequence was located on a closed loop within
the conserved stem-loop structure formed by 3′-terminal 77 nt,
as it is in the other flaviviruses.
Discussion
In this study, we characterized a new virus isolated from C.
pipiens mosquitoes in Japan. The virus, designated CxFV, had a
genome organization characteristic of the genus Flavivirus: a
single large ORF encoding a viral polyprotein with putative
cleavage sites for processing into three structural proteins and
seven nonstructural proteins. Additionally, the CxFV 5′ and 3′
UTRs, like those of other flaviviruses, form putative stable
stem-loop structures. The virus particles contained four major
proteins of about 7, 15, 20 and 60 kDa that were tentatively
assigned as flavivirus M, C, prM and E proteins, respectively.
The apparent molecular masses of the smaller 7- and 15-kDa
proteins are in agreement with the putative molecular masses of
M and C proteins, respectively. Like other flaviviruses, theiviruses a
DEN2V YOKV TBEV APOIV
aa % aa % aa % aa %
100 21.5 128 24.3 112 23.7 110 22.0
166 17.8 168 21.3 168 25.0 161 18.0
495 20.0 490 21.5 496 22.8 485 19.2
352 22.8 353 27.1 352 30.1 353 24.1
218 17.7 227 20.0 230 21.5 225 21.8
130 25.2 130 25.2 131 20.9 130 20.0
615 32.9 620 31.8 621 29.7 616 31.2
127 21.4 126 18.1 126 20.5 119 23.5
23 21.7 23 21.7 23 13.0 23 21.7
248 22.1 254 17.4 252 19.3 252 19.5
900 42.8 906 41.4 903 42.3 897 43.0
3374 28.8 3425 28.8 3414 29.3 3371 28.7
ware.
Fig. 5. (A) Dendrogram illustrating the phylogenetic relationships of CxFVand eight other flaviviruses based on amino acid sequence similarities of their E genes. (B)
Dendrogram illustrating the phylogenetic relationships of CxFV, eight other flaviviruses, and HPCV based on the amino acid sequence similarities of their NS5 genes.
Both trees were constructed using the neighbor-joining method and bootstrap values correspond to 500 replications. Bar demonstrates the amino acid distance.
Abbreviations of each virus are shown in Materials and methods.
410 K. Hoshino et al. / Virology 359 (2007) 405–414CxFV prM and E proteins were predicted to be glycosylated,
since the apparent molecular masses of 20 kDa for prM and
60 kDa for E were larger than estimated from the amino acid
sequences. CxFV was able to grow in mosquito cells, but not inFig. 6. Neighbor-joining dendrogram showing phylogenetic relationships of insect f
mosquito species and their collection sites are shown after each virus abbreviation.
correspond to 500 replications. Bar demonstrates the genetic distance. Abbreviationmammalian cells. Consistent with this observation, phyloge-
netic analysis showed that CxFV groups with the insect
flaviviruses including CFA and KRV, not in the mosquito-
borne group. Furthermore, CxFV has been detected inlaviviruses based on the nucleotide sequence similarities of their E genes. The
The tree was constructed using the neighbor-joining method. Bootstrap values
s of each virus are shown in Materials and methods.
Fig. 7. (A) Schematic diagram showing the locations of tandem repeats in the 3′ UTRs of CxFV, CFA, and KRV. The solid lines indicate the 3′-terminal sequences of
CxFV, CFA, and KRV genomes, and the 3′-termini are arranged at the right end of the lines. The tandem repeat sequences are shown as open boxes. Black areas in
open boxes indicate the conserved sequence elements in the repeats. (B) Alignment of the conserved sequences in the repeat sequences of CxFV, CFA, and KRV 3′
UTRs. The nucleotide position of each conserved sequence is shown in parentheses. Identical nucleotides are represented in reverse type.
411K. Hoshino et al. / Virology 359 (2007) 405–414asymptomatic adult males and females, suggesting that CxFV
could be transmitted vertically in nature. These results agreed
with the basic properties of other known insect flaviviruses. It is
apparent that CxFV is a new member of the genus Flavivirus
and belongs in the insect flavivirus clade.
This is the first report of identification of an insect flavivirus
originally isolated from Culex mosquitoes: other insect
flaviviruses are mainly associated with the mosquitoes in the
genus Aedes. We have isolated 9 CxFV strains from three Culex
species at six sites in Japan and at one site in Indonesia.
Phylogenetic analysis of the viral E protein showed that these
CxFV isolates form one robust clade, despite differences in their
original host species and their collection sites (Fig. 6). The
CxFV phylogenetic lineage was clearly differentiated from the
insect flaviviruses associated with Aedes mosquitoes. Presum-
ably, insect flaviviruses associated with Culex and Aedes
mosquitoes have evolved independently, since Culex and Aedes
mosquitoes differ significantly in their life histories. The host
ecology and environmental conditions might have a significant
influence on the phenotype of each flavivirus. Recently, it has
been suggested that CFA is associated with Culex mosquitoes
as well as with Aedesmosquitoes (Cook et al., 2006). A detailed
analysis of other insect flaviviruses is needed for the assessment
of host range and specificity of the insect flaviviruses.
Furthermore, transmission modes and life cycles of CxFV and
other insect flaviviruses should be investigated in the future, to
help explain the host specificities of sympatric insect flavi-
viruses and assess the possibility of horizontal transmission
between different host species or genera in sympatric mosquito
populations.
CxFV did not cause a severe CPE in C6/36 and AeAl-2 cells
established from A. albopictus. It has been reported that CFA
has no apparent effect on its original host cells “Peleg's line”
established from A. aegypti (Stollar and Thomas, 1975). These
findings suggested that insect flaviviruses could replicateavirulently in mosquito cells, which is consistent with reports
that insect flaviviruses have been isolated from healthy
mosquitoes. In contrast, it has been reported that CFA and
KRV caused prominent CPE in C6/36 cells, which might be
related to differences in the cellular machinery between their
natural host cells and the cultured C6/36 cells. Accordingly, the
CPE phenotypes related to virus replication may be signifi-
cantly correlated with the adaptability of the virus to its
mosquito host. However, this hypothesis needs to be examined
by the experiments using other cell lines or new cell lines
established from the original host.
The conserved sequence in the 3′ UTR are universal features
in flaviviruses, involved in viral RNA replication and transla-
tion. The 3′ UTR of CxFV contains four tandem repeats, which
have sequence similarities to the two direct repeats in the CFA
and KRV 3′ UTRs. Our finding suggests that the patterns of
repeat sequences in the 3′ UTR of insect flaviviruses can be
divided into Culex and Aedes types, which may reflect
differences in virus replication in each original host genus. As
expected from the functional importance of the conserved
sequences in the 3′ UTR of mosquito-borne flaviviruses, the
conserved repeat sequences of the insect flaviviruses may
involve in viral RNA replication and translation. The tandem
repeat sequences in the CxFV 3′ UTR are presumably
specialized for the cellular machinery of its mosquito host,
since CxFV is able to replicate only in mosquito cells and may
be transmitted vertically in host cells. Further characterization
of the 3′ UTRs of insect flaviviruses could provide important
information about the function and evolution of the flavivirus
3′ UTR.
Consequently, CxFV may be a new group of insect
flavivirus specifically associated with mosquitoes in the
genus Culex. The insect flavivirus clade is distantly related to
other flaviviruses in almost all cases, despite recent advances in
phylogenetic analyses of the tick-borne group and NKV group
412 K. Hoshino et al. / Virology 359 (2007) 405–414including TABV (Marin et al., 1995; Zanotto et al., 1996;
Billoir et al., 2000; de Lamballerie et al., 2002). It is suggested
that the insect flaviviruses are specialized to adapt to mosquito
hosts, and could be primordial forms of flaviviruses including
the causal agents of infectious diseases of humans and animals.
This suggestion is further supported by the fact that
mosquitoes, especially belonging to the genera Culex and
Aedes, are the major vectors of flaviviruses among many
blood-sucking arthropods. The majority of mosquito-borne
flaviviruses are known to be distributed in the Old World,
especially Africa and Asia (Gaunt et al., 2001; Gould et al.,
2003). CxFV is apparently the first examples of insect
flaviviruses isolated in Asia. Unlike CFA and KRV from
tropical regions, CxFVs from Japan are continuously main-
tained in the temperate regions, suggesting that these insect
flaviviruses may be related to flaviviruses at higher latitudes,
such as the tick-borne clade and NKV clade as well as the
mosquito-borne clade. Further exploration and analysis of
insect flaviviruses will be needed to better understand the
nature of the genus Flavivirus and discuss its evolutionary
scenario focused on the arthropod host.
Materials and methods
Mosquito collection
Mosquitoes were captured at seven sites in Japan and one site
in Indonesia in 2003–2004. A modified CDC trap enhanced
with 1 kg of dry ice was used for mosquito collection and placed
at the collection site through the night or all day (Tsuda et al.,
2006). The collected mosquitoes were sorted according to
species with a maximum of 20 adults per pool, and stored at
−80 °C in 2 ml centrifuge tubes until use. The species used in
this study were C. pipiens L., Culex tritaeniorhynchus Giles,
Culex quinquefasciatus Say, and each collection site is shown
in Fig. 6.
Cell cultures
An insect cell line C6/36 derived from the mosquito
A. albopictus (Health Science Research Resources Bank
(HSRRB), Osaka, Japan) and two mammalian cell lines, Vero
derived from African green monkey kidney (HSRRB) and
BHK-21 derived from baby hamster kidney (a gift from Dr. H.
Bando, Hokkaido University, Sapporo, Japan) were used for
virus isolation. These cell lines were cultured with Eagle's
minimum essential medium (MEM, Sigma-Aldrich, St. Louis,
MO) with 10% heat-inactivated fetal bovine serum (FBS, MP
Biomedicals, Costa Mesa, CA), 2% non-essential amino acids
(NEAA, Sigma-Aldrich), 100 U penicillin (Gibco BRL,
Gaithersburg, MD)/ml, and 100 μg streptomycin (Gibco
BRL)/ml, and maintained at 28 °C for mosquito cells and
37 °C for mammalian cells, in 0.5% CO2. Another cell line,
AeAl-2, derived from the mosquito A. albopictus (Mitsuhashi,
1981) was also used in the experiment. AeAl-2 was cultured
with MM medium (Mitsuhashi and Maramorosch, 1964) with
3% FBS and maintained at 25 °C.Virus isolation
The pools of mosquitoes were homogenized using a Mixer
Mill (model MM300, Retsch GmbH, Haan, Germany) in the
presence of 500 μl ice-cold MEM with 2% heat-inactivated
FBS, 2% NEAA, 200 U penicillin/ml, 200 μg streptomycin/ml,
and 10 μl Fungizone (Gibco BRL)/ml. The homogenates were
clarified by low speed centrifugation (3000×g for 3 min) and the
supernatants were passed through sterile 0.45 μm filters
(Ultrafree MC, Millipore Corp., Bedford, MA). The samples
then were diluted 10-fold with the medium and inoculated onto
C6/36, Vero, and BHK-21 monolayer cells grown in 24-well
culture plates (Corning Inc., Corning, NY), followed by
incubation for 2 h to allow virus adsorption at constant
temperature for each cell line in 5% CO2. After addition of
500 μl of fresh medium, the cell cultures were incubated with
the same conditions for about 7 days. Cytopathic effects (CPE)
were observed with phase contrast microscopy until collection
of the supernatants. The culture media collected after at least
three blind passages were used as viral stocks and stored at
−80 °C until use.
Nucleotide sequencing
Viral RNAwas extracted from cell culture supernatants using
a High Pure Viral RNA Kit (Roche Diagnostics, Mannheim,
Germany) or a QIAamp Viral RNA Mini Kit (QIAGEN Inc.,
Valencia, CA). For the initial detection of viral genomes,
reverse transcription-polymerase chain reaction (RT-PCR) was
conducted using a TaKaRa One Step RNA PCR Kit (TAKARA
BIO, Shiga, Japan) with the flavivirus universal primer sets for
regions of NS3 (Fla-U5004 and Fla-L5457, Briese et al., 1999)
and NS5 (FU1 and cFD2, FU2 and cFD3, Kuno et al., 1998).
The RT-PCRs were performed according to the manufacturer's
instructions. The amplified products were purified by agarose
gel electrophoresis, followed by extraction of the amplified
fragments using a QIAEXII Gel Extraction Kit (QIAGEN).
Purified DNA fragments were sequenced using the ABI PRISM
BigDye Terminator cycle sequencing kit version 1.1 (Applied
Biosystems, Foster City, CA) and the ABI PRISM 310 or 3130
Genetic Analyzer (Applied Biosystems). The sequences
obtained from the amplified products were used to design
new primers for further PCR. Long PCR was performed to
obtain the large portion of the genome, from the envelope (E)
gene to NS5 using a TaKaRa RNA LA PCR Kit ver.1.1
(TAKARA BIO). Amplicons were gel-purified and ligated into
the TOPO cloning vector (Invitrogen Corp., Carlsbad, CA).
Recombinant plasmids were transfected into One Shot
competent E. coli cells (Invitrogen Corp.), and the cloned
inserts were sequenced as described above. Several primers
were designed from the sequences that had been determined and
used for further sequencing. This operation was repeated, and
finally the sequence from the E to NS5 was determined. Using
specific primers for the E and NS5 regions, the rapid
amplification of cDNA ends (RACE) technique was performed
for amplification of the genomic 5′- and 3′-termini using a
GeneRacer Kit (Invitrogen Corp.). The RACE products were
413K. Hoshino et al. / Virology 359 (2007) 405–414cloned and sequenced as described above and, together with the
foregoing results, allowed the complete genome sequence of
CxFV to be determined. All primers used are shown in Table 1.
Genetic characterization
The complete nucleotide sequence of the CxFV genome was
analyzed to determine the open reading frames (ORFs) and
these were translated into amino acid sequences using
GENETYX software (Genetyx Corp., Tokyo, Japan). The
deduced amino acid sequences were used to determine putative
cleavage sites in the polyprotein sequence. The cleavage sites
were deduced by hydropathy profiles (Kyte and Doolittle
parameter) and comparison with the cleavage sites of other
flaviviruses (Chambers et al., 1990; Westaway and Blok, 1997).
The amino acid sequence of each CxFV protein was compared
with those of seven flaviviruses: CFA (GenBank accession no.
M91671); KRV (GenBank accession no. NC005064); Japanese
encephalitis virus (JEV; GenBank accession no. AF069976);
Yokose virus (YOKV; GenBank accession no. NC005039);
tick-borne encephalitis virus (TBEV; GenBank accession no.
AB062063); Dengue type 2 virus (DEN2V; GenBank accession
no. NP056776); and Apoi virus (APOIV; GenBank accession
no. NC003676). The homologies between CxFV and other
flavivirus proteins were analyzed by the maximum matching
method with GENETYX software. Amino acid sequences of the
E and NS5 proteins of CxFV, the other viruses listed above, and
Tamana bat virus (TABV; GenBank accession no. AF346759)
and hepatitis C virus (HCV; GenBank accession no. Q91936)
were aligned using the ClustalW method and then analyzed by
the MEGA program ver.3.1 (Kumar et al., 2004). The
phylogenetic dendrogram for each alignment was determined
using the neighbor-joining method.
Analysis of CxFV viral proteins
Nine milliliters of cell culture supernatants from C6/36 cells
inoculated with a CxFV viral stock and incubated for 4 days
were used for virus purification. Purification of the virus was
performed as described previously (Yasui, 1995). In brief, the
fluid was clarified from cell debris by low speed centrifugation
and then mixed with 7.5% polyethylene glycol 6000 and 0.5 M
NaCl on ice for 2 h. The fluid was centrifuged (10,000×g,
30 min, 4 °C) and the precipitate was resuspended in TSE buffer
(10 mM Tris–HCl, 100 mM NaCl, 1 mM EDTA, pH7.4). The
suspension was clarified by centrifugation and applied onto
1 ml of 30% glycerol–45% potassium tartrate in TSE buffer
linear gradient. After ultracentrifugation (30,000×g, 2 h, 4 °C),
the visible virus band was collected and dialyzed against TSE
buffer to remove the potassium tartrate and glycerol. The fluid
was layered over 1 ml of a linear sucrose gradient (5 to 40% in
TSE buffer) and ultracentrifuged (25,000×g, 2.5 h, 4 °C). The
fraction containing the virus band visualized by illumination
was collected, dialyzed against TSE buffer to remove the
sucrose, and used as antigen for antibody production and for
analysis of viral proteins. Antiserum against CxFV was
obtained by immunizing BALB/c mice four times with purifiedvirus. Protein samples for SDS-PAGE analysis were prepared
by mixing purified virus suspensions with sample buffer in the
presence of 2-mercaptoethanol and heating at 95 °C for 2 min.
Viral proteins were electrophoresed on a 10–20% gradient gel
(e-PAGEL gel, ATTO Corp., Tokyo, Japan), blotted onto a
PVDF membrane, and detected using an immuno-blot Kit (Bio-
Rad Laboratories, Inc., Hercules, CA) with the antiserum.
Transmission electron microscopy
C6/36 cells inoculated with a CxFV virus stock for 3.5 days
were used as samples for electron microscopic observations.
The electron microscopy was performed by essentially the same
procedure as described previously (Yano et al., 1996). In brief,
cells were fixed in 2.5% glutaraldehyde for 2 h on ice, and then
fixed in 1% osmic acid for 1 h on ice. The cell pellets were
dehydrated and embedded in Epon 812. Thin sections were cut
and stained with uranyl acetate, and examined and photo-
graphed under an electron microscope.
Nucleotide sequence accession numbers
The nucleotide sequences of CxFVs reported in this paper have
been submitted to the DDBJ, EMBL, and GenBank data banks
under accession nos. AB262759 (complete genome, Shinjuku
strain), AB262760 (envelope, Narita strain), AB262761 (envelope,
Toyama strain), AB262762 (envelope, Hokkaido strain),
AB262763 (envelope, Osaka strain), AB262764 (envelope, Mie
strain), AB262765 (envelope, Morioka strain), AB262766 (envel-
ope, Surabaya strain, from C. quinquefasciatus), and AB262767
(envelope, Mie strain, from C. tritaeniorhynchus).
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